The non-syndromic cleft lip and/or palate (NSCL/P) is a common birth defect caused by a combination of genetic and environmental factors. The possible role of genome instability on NSCL/P patient needs more investigation, since DNA metabolism is an essential cellular function to keep cells with normal genotypes and gene expression patterns according to tissue specificities, which is critical during embryo development because it requires sensitive regulation of cell proliferation, apoptosis and differentiation. Thus, genome stability is ultimately essential to maintain a healthy life. The aim of this study was to assess the frequency of genome instability biomarkers and their relationship with NSCL/P. Cytokinesis-block micronucleus assay was performed to estimate the biomarkers frequency and gene expression was analyzed by the transcriptogram in order to further explore the role of genome instability and other biological processes in this birth defect. The NSCL/P patients had higher baseline frequency of micronucleus, nuclear buds and nucleoplasmic bridges (P < 0.001) than the control group. Moreover, new nuclear morphologies (fused, circular and horseshoe) was detected in the patients' cells analyzed, possibly indicating that chronic folic acid deficiency is interfering in their genome instability. Children with clefts had 2.3 times more risk to have high micronuclei frequency (P = 0.043) according to binary logistic regression. The high genomic instability in children with oral clefts suggests that misrepaired double strand breaks in DNA that create micronuclei representing a significant factor in NSCL/P development. This study was published in 52nd EUROTOX Abstract Book.
Introduction
The non-syndromic clefts of the lip and/or palate [NSCL/P (OMIM 119530)] are common birth defects in humans characterised by a disruption during embryo development of cellular structures dividing the nasal and oral cavity with no other apparent cognitive or structural abnormalities (1) . This orofacial defect affects ~1 in 700 live births worldwide, but this rate changes widely depending on ethnic origin, environmental exposure and socioeconomic status (2) .
Several studies have been conducted in many populations around the world in order to elucidate genetic and environmental factors as risks for NSCL/P development. As a result, a number of candidate genes and loci in human genome were found, some of them even more than one study, such as IRF6, TGFβ and MSX1 (3) (4) (5) . In addition, maternal exposure to smoking, alcohol and nutritional factors, such as folic acid supplementation during the first trimester of pregnancy are cited as relevant environmental factors for the foetus to develop orofacial clefts (6) (7) (8) (9) .
In this perspective, genome instability indicates serious causes and consequences to human health, and it is regulated by both genetic and environmental factors. Cytokinesis-block micronucleus (CBMN) assay is a widely used technique to assess genome instability in human populations, providing the frequency of micronucleus (MN), nucleoplasmic bridges (NPB) and nuclear buds (NB) (10) .
These biomarkers represent cells with a phenotype of chromosome instability, indicating DNA damage events caused by endogenous and/or exogenous factors, and genomic damage is recognised as the fundamental cause of developmental and degenerative diseases (11) . MN originates from DNA strand breaks and the incapacity to repair it correctly due to defective DNA repair enzymes, thereby generating chromosome fragments that are not included in the daughter nuclei at the end of mitosis. Furthermore, when the misrepaired damage also leads to telomere to telomere end fusions, dicentric chromosomes are formed and pulled to opposite poles of the cell at anaphase, causing NPB (12) . Lastly, the NB represents an extrusion from the nucleus of interstitial or terminal acentric fragments, possibly representing DNA that has been amplified or failed replication (13) .
In conjunction with these variables, the transcriptogram is a new bioinformatic approach to visualise and interpret gene expression pattern. It provided more information about DNA metabolism and other deregulated biological processes (BPs) in NSCL/P patients' cells that could possibly affect genome stability and normal orofacial formation during embryogenesis.
In this context, the aim of this study was to asses the frequency of genome instability biomarkers as risk factors on non-syndromic cleft lip and/or palate (NSCL/P) aetiology. In addition, significant changes in gene expression pattern modulating DNA repair and damage response and several other regulatory pathways in NSCL/P patients' cells are discussed using transcriptogram analysis in order to extend the observations on genome instability and to suggest new perspectives about this birth defect.
Materials and methods

Subjects and blood sampling
For this study, a total of 66 children were recruited through a convenient sampling during the year of 2014 until May 2015. Of these, 48 NSCL/P patients were recruited at the Professor Heriberto Bezerra Pediatric Hospital (HOSPED)/UFRN in Natal, Brazil, and a geneticist examined the patients. Subjects from both genders between 1 and 18 years old who did not have characteristics of other syndromes were included in this study. They were classified according to the Fogh-Andersen classification as cleft lip and palate, cleft palate and cleft lip (14) . The control group was recruited from public schools in Natal and comprised children between the ages 1 and 18 years who did not have orofacial clefts, no family history of clefts and other diseases (e.g. cancer) and they were considered healthy according to standards biochemical blood tests.
A standard questionnaire was conducted to collect information about demographic data, such as age and gender, and mothers' health habits during their pregnancy, such as alcohol intake and smoking. After that, venous peripheral blood samples were collected from every participant in tubes containing heparin to perform the CBMN assay.
The study was approved by the Ethical Committee on Human Research of the Federal University of Rio Grande do Norte (CAAE 26597714.8.0000.5537). All the objectives, risks and details of this research were fully explained to children and their parents or legal guardians, and written informed consent was obtained from all participants.
Cytokinesis-block MN assay
To assess genomic instability, the CBMN assay was performed as described by Fenech (15) . Heparinised whole blood samples were collected and then cultured in duplicate in RPMI-1640 medium (SigmaAldrich) with 10 µg/ml phytohaemagglutinin (Sigma-Aldrich) at 37°C and 5% CO 2 . After 44 h of incubation, cell cytokinesis was halted with 6 µg/ml of cytochalasin-B (Sigma-Aldrich) to accumulate binucleated cells that had divided once, and the lymphocytes were harvested after another 28 h. The cultures were treated with KCl 0.075 M hypotonic solution and washed three times with cold fixative methanol-acetic acid solution (9:1 v/v). After a final centrifugation with the fixative solution, the lymphocytes were dropped onto clean slides and then stained for 5 min with 5% Giemsa dye. For each subject, 2000 binucleated lymphocytes were scored to calculate the frequency of MN, NPB and NB (expressed as number of biomarker/1000 binucleated cells) using an optic microscope with a final magnification of 400×.
Statistical analysis
The distribution of continuous variables was evaluated by the ShapiroWilk test. Since data deviated from normality, it was evaluated using non-parametric Mann-Whitney and Kruskal-Wallis tests. A binary logistic regression model was performed to study the genomic instability (represented by the CBMN endpoints) on the likelihood that children would have the cleft phenotype. The results were considered statistically significant when P < 0.05. Statistical analysis was performed with SPSS 20 program for Windows (SPSS, Chicago, IL, USA).
Transcriptogram analysis
Expression data for NSCL/P patients' biopsies (n = 7) and normal individual biopsies (n = 6) were obtained from Gene Expression Omnibus, series GSE42589, previously published by Kobayashi and collaborators (16) . Transcriptogram is an analytical technique designed for genomewide expression measurements as described by Rybarczyk-Filho et al. (17) . The analysis was performed using The Transcriptogramer software, following protocol described by da Silva et al. (18) and available at lief.if.ufrgs.br/pub/biosoftwares/transcriptogramer/. Protein network data was retrieved by STRING v. 10 (19) and filtered for connections with a confidence score of 0.800. All genes with connection information were sorted based on the probability to connect to each other. Transcriptograms were produced by assigning to each gene the average expression level of its neighbour genes according to a given radius (r). Here, r = 30 was chosen, therefore each transcriptogram point represents the expression of 61 neighbour genes. Transcriptogramer software also computes P-values of differentially expressed gene groups and performs false discovery rates (FDR) correction.
Network construction
Genes present on transcriptogram peaks that were significantly different from control (FDR < 0.05) were selected to build protein-protein interaction (PPI) networks. Interaction data was retrieved from STRING v.10 (string-db.org). Network visualisation was performed using RedeR R package (20) .
Functional enrichment analysis
Functional enrichment analysis was made using DAVID Bioinformatics Resources version 6.7 (https://david.ncifcrf.gov/) (21) . Each PPI network was enriched according to the Gene Ontology biological process (GO:BP) (22) . FDR values below 0.0001, Enrichment Score (a geometric mean in -log scale of member's P-value in an annotation cluster) above 15 and hits above 15 were used to select groups of terms. Gene Ontology hierarchy was also taken into account. Terms covering a broader range of child terms and representing key processes were chosen to be part of the analysis. Numbers in parenthesis were calculated based on the amount of hits for a GO related to the total amount of genes in the cluster.
Results
The demographic characteristics of the studied children are listed in Table 1 .
The difference in baseline frequency of MN, NPBs and NBs between the two groups were statistically significant (P < 0.001) ( Figure 1) . When subdividing the patients by cleft type, no differences were observed among children with cleft lip and palate, cleft lip only and cleft palate only (Table 2 ). There were also no significant difference among CBMN biomarkers considering the mother's habits of alcohol drinking and smoking during pregnancy (Supplementary Table 1 , available at Mutagenesis Online). The MN frequency was statistically significant (P = 0.043) for cleft phenotype prediction according to the logistic regression model (Table 3) . Children with NSCL/P had 2.3 times more probability of displaying high MN frequency. In addition, 12 children with clefts (25% of the clefts group) exhibited a low frequency (Table 4 ) of other nuclear morphologies designated as fused, circular, and horse-shoe (Figure 2 ) as described by Bull et al. (23) The transcriptogram ( Figure 3 and Supplementary Figures 1-6 , available at Mutagenesis Online for the PPI networks) of available data from Kobayashi et al. (16) resulted in six peaks of gene clusters expressed differently between NSCL/P and control groups. Some DNA metabolism processes underlying the CBMN biomarker formation are represented in the peak with pink PPI network (n = 95. Supplementary Figure 1 , available at Mutagenesis Online. Pink peak for short. All the highlighted peaks will be referred to thereafter according to their PPI network colour). Other fundamental biological processes (BP) were also significantly different in NSCL/P patients, such as protein catabolism ubiquitin-dependent, ribosome biogenesis, transcription regulation, chromatin organisation and chemotaxis. All these aspects can extend the search for possible mechanisms to explain orofacial clefts at cellular and molecular levels as will be discussed below.
Discussion
In this work, half of the patients sample surpassed a basal frequency of 2.0 biomarker per 1000 binucleated cells, which is a high number considering their young age (24) . The loss of chromatin fragments shaped as MN, the chromosome rearrangements creating nucleoplasmic bridges and the amplified DNA extruded from the main nuclei as nuclear buds measured in the CBMN assay also provide a sensitive measure of DNA repair efficiency phenotype (12, 25) . Accordingly, MN was relevant for the regression model to predict NSCL/P, indicating the relevance of DNA repair and stability in this birth defect.
The NSCL/P group with suboptimal DNA repair are susceptible to accumulate more point mutations and chromosome breaks and rearrangements, thus increasing the genome instability especially when exposed to genotoxic agents (26) (27) (28) . Therefore, it is important to account for the mothers' lifestyle during pregnancy to detect exposure to potential genotoxic substances that can interfere in embryo development. In that case, folate deficiency is a nutritional status that results in genome damage effects by changing DNA methylation pattern and increasing the frequency of MN, NPB and NB (29) (30) (31) . Due to this important role of folate in keeping genome integrity for the normal cellular activity, several interventional and case-control studies performed around the world over the years have indicated that multivitamin supplementation containing folic acid during the periconceptional period prevents the occurrence of oral clefts (32) (33) (34) (35) (36) .
Moreover, a study reported that cells cultured under chronic folate deficiency in vitro exhibited other nuclear abnormalities than those which have been tested so far within the CBMN assay. These abnormal nuclear morphologies designated as fused, circular, and horse-shoe indicate misrepair of DNA breaks or fusions between dysfunctional telomeres, leading to complex chromosomal alterations that failed in segregating to the cells' poles during mitosis, probably due to DNA hypomethylation induced by folate deficiency. Consequently, the genome instability increased and leads the cells to apoptosis until the last day of culture (23, 37) .
Lymphocytes presenting these different nuclear morphologies observed in some blood cultures from the NSCL/P patients in this work, albeit in low frequency, reinforce the evidence of inherent high genome instability in these patients, since these nuclear structures were noted when performing the acute culture system of CBMN assay without changing the folate levels in cell medium. In addition, these results also suggest that the subjects studied possibly suffer from chronic nutritional deficiency, which is a modulating factor on the maintenance of genome stability (38, 39) . In fact, a previous study with NSCL/P patients from the same region as the ones from the present work identified that these children and their mothers had lower folate plasma levels than children without clefts and their mothers, and this effect was associated with the variant allele 677T of MTHFR. In addition, alcohol intake was relevant with the SNP 1298C in MTHFR as a risk factor for NSCL/P development in our population (40) .
The results obtained in the present study suggest that genetic code in determining DNA repair could be contributing to increase the genome instability in NSCL/P patients. A recent study contributed to address this topic. An approach with dental pulp stem cells from NSCL/P patients identified a transcriptional deregulation network of genes with a central node occupied by BRCA1 and its co-operators (16) . They demonstrated that NSCL/P patients' cells displayed impaired response to double strand breaks (DSB) in DNA due to this differentially expressed network of genes.
Considering the presented results and information about genome instability biomarkers, DNA repair pathways and oral clefts, we developed a hypothesis about the cellular phenotype that some NSCL/P patients of our population could have: their cells could often delay in cell cycle due to failures in DNA DSB repair. This failure may occur because of low expression of HR genes [as verified by Kobayashi et al. (16) ], causing cells to repair damage from the non-homologous end joining (NHEJ) pathway. This DNA repair pathway increases the chances to form acentric fragments and dicentric chromosomes (12) , which can be detected as MN, NB and NPB (as observed in this study). These cytogenetic structures, in turn, contribute to disturb the DNA content and to increase genome instability, which can lead to apoptosis or senescence (41) . If this phenotype of delayed cell cycle (which originate asynchronous cellular populations) and the increase in cell death were presented in early embryonic stages, it would represent an important contributor for disturbing facial morphogenesis and originating oral clefts.
A new method to analyze gene expression termed transcriptogram allowed us to continue investigating about this proposition and the genome instability observed in NSCL/P patients. Furthermore, it was also possible to detect other BPs considerably affected in the IQR, interquartile range. patient's cells that could have an important role in genome stability and in the aetiology of this birth defect. The transcriptogram was done with data published by Kobayashi et al. (16) They focused their findings in low-expression genes of DNA repair (especially genes from HR pathway highlighting BRCA1). Still, the transcriptogram enable to visualise and insert this cluster in a broader perspective from its connections with other down-and high-expressions clusters. Thus, this system biology approach has the advantage to promote a discussion in multiple levels about genome instability and, at the same time, it evidence other factors essentially associated to orofacial clefts. Among the down regulated peaks highlighted in red (Figure 3 ), DNA repair and recombination appeared in the pink peak (n = 95), which comprise genes from HR pathway just as discussed by Kobayashi et al. (16) Interestingly, BRCA1 and others BP related to it also appeared with down regulation in the neighbouring peak (n = 193, referred to as purple peak thereafter), which mainly include genes regulating ubiquitin-dependent protein catabolic processes. The distance between these two peaks is small, indicating probable interaction between their clusters. To confirm this visual clue, it is already described in literature that the ubiquitin-proteasome pathway (UPP) is associated with DNA repair, transcription regulation, chromatin conformation and cell cycle progression (42) . Besides BRCA1, several others genes coding UPP enzymes are down regulated in the purple peak (Supplementary Figure 2 , available at Mutagenesis Online), most notably the genes coding proteasome subunits. Thus, this may indicate that many signalling and regulatory processes requiring free ubiquitin and fast protein renovation could be compromised in orofacial cleft children analyzed.
There are studies demonstrating that DNA repair pathways could be one of those processes affected by UPP. For example, after DSB, histone H2A ubiquitilation mediated by RNF8, RFN168 and MDC1, is necessary to recruit, sustain and accumulate downstream enzyme complexes to repair DNA efficiently (43, 44) . Moreover, proteasome inhibition by exogenous substances (e.g. bortezomib and MG132) or by suppressing gene expression of its subunits provokes inhibition of nuclear foci formation of FANCD2, BRCA1 and RAD51 at DSB, consequently preventing DNA repair through errorfree HR (45) . On the other hand, proteasome inhibition does not seem to significantly interfere in NHEJ as seen by Murakawa et al. (46) . This evidence could corroborate complementing our previously mentioned hypothesis. NHEJ would be the preferred pathway to repair DNA DSB in NSCL/P patients not just because of HR genes' down regulation, but also due to a deregulation of signalling molecules in DNA repair pathways. In this case, the signalling molecules would be mainly ubiquitin and ubiquitin-modified molecules (originated by SUMO); and their deregulation could be attributed to the low expression of genes that coordinate synthesis and degradation (or removal) of these regulatory molecules. This conjecture may even provide some support to studies that found correlations between SUMO polymorphisms and higher risks to develop NSCL/P in children (47, 48) .
As for the third peak with significantly low average relative expression (n = 196, referred to as red peak thereafter), gene cluster coding fundamental enzymes for ribosome biogenesis are found (Supplementary Figure 3 , available at Mutagenesis Online). Ribosomes are indispensable for cellular growth since they lead protein synthesis. The production and assembly of ribosome subunits is a high energy-demanding process. Thus, to ensure cellular and organism homeostasis, ribosome biogenesis is tightly spatially and temporally regulated and adapted to cellular needs and to environmental factors (energy levels from nutrients, for example) (49, 50) . Interestingly, it is possible to establish associations between ribosome biogenesis and the BP previously discussed. When the UPP does not work properly, some steps in ribosome biogenesis are impaired (51) (52) (53) . It is interesting to notice the interactions among the clusters activities from the three down regulated peaks, although it is not possible to affirm which one of them was first affected. However, it becomes clear that genome instability is associated with many others BP besides DNA repair. In addition to this, the up regulated peaks in the transcriptogram add BPs still poorly explored in works evaluating NSCL/P children. In the yellow peak (n = 61), there are gene clusters responsible for transcription regulation (Supplementary Figure 4 , available at Mutagenesis Online). Noticing RNA-induced silencing complex (RISC) components in this peak [e.g. EIF2C2 (AGO2) and GEMIN] is of particular interest due to their role in gene expression regulation (54, 55) . The role of RISC in human facial morphogenesis is not well studied yet. However, some groups are already investigating how and which one microRNAs regulate the expression of essential genes (such as TGF, WNT and BMP) during this embryonic moment (56) .
Transcriptional regulation represents just one of many levels of gene expression modulation, which fundamentally coordinate all of the processes involved in orofacial and general development of human beings. The epigenetic level is another one of these levels that could be affected in NSCL/P children according to the blue peak (n = 202) from the transcriptogram. It is increasingly well established in the literature that regulation of transcription, replication and DNA damage responses are accompanied by chromatin conformational changes and histone modifications (57, 58) . The activities of chromatin remodelers and the post-translational histone modifications ultimately contribute to mediate several important biochemistry events beyond the cell's nucleus. If their gene expression rises or decreases, the cell cycle, apoptosis, cellular migration, the energetic metabolism and responses to cytotoxic and genotoxic agents could be compromised (59) (60) (61) (62) .
The influence of epigenetic modifications during neural crest cell development are being considered in many studies [it is strongly recommended the review by Hu et al. (63) ], thus, providing important preliminary clues to unravel the intricate morphogenetic mechanisms behind individual organogenesis. However, there are still many issues and questions to be investigated, such as could there be epigenetic marks specifically associated to NSCL/P? How are the post-translational histone modifications contributing to different expression patterns of essential genes on orofacial development? The answers to these and many other questions remain unclear.
Finally, genes coding several types of chemokines and their receptors and others G-protein coupled receptors are found in the last up regulated peak (Supplementary Figure 6 , available at Mutagenesis Online). Several works using animal models (in vitro and in vivo) especially demonstrate the role of CXCR4, CXCR7 and CXCL12/SDF1 during collective migration of neural crest cells (64, 65) . However, little is known about the role of these molecules in lip and palate formation on humans. Jakobsen et al. (66) discuss this issue in their work about differently expressed genes in lip and palate from children with non-syndromic cleft palate only versus children with non-syndromic cleft lip and palate. They verified that CXCR4 was expressed differently in palate biopsies of the two analyzed child groups. Therefore, they suggested that this gene could have a role on normal palate development in a similar way to other immunerelated genes (e.g. IRF6). The transcriptogram also detected that CXCR4 and many other chemokine receptors were differently expressed (upregulated) in NSCL/P patients in comparison with control children. Due to these genes functioning on cell migration, it is still early to reject the possibilities that they act during cellular migration of neural crest cells and later on continue influencing them during normal lip and palate development in humans.
Overall, the analysis from the transcriptogram clearly showed that several regulatory mechanisms could be compromised in NSCL/P patients, reminding us of the multifactorial nature of this birth defect. It showed gene clusters associated to diverse BPs that interact among each other and with environmental factors. Consequently, these genes coordinate wide and complex biochemical pathways responsible to directly or indirectly modulate cellular growth, proliferation and migration. Accordingly, it was possible to detect new possible molecular mechanisms related to the aetiology of NSCL/P that deserve more investigation.
In conclusion, NSCL/P children exhibited higher genome instability than subjects without clefts and gene expression from NSCL/P patients analyzed through transcriptogram could unveil several deregulated gene clusters that modulate BPs important for genome instability and orofacial development. Together with others evidence in literature, the results presented in this work contribute to evaluate genome instability, represented by micronuclei formation, as a risk factor to NSCL/P.
Supplementary data
Supplementary data are available at Mutagenesis online
Funding
This work was supported by the National Council for Scientific and Technological Development (CNPq), Brazil (477608/2011-6).
